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We propose a scheme for creating quantum superposition states involving of order 1014 atoms
via the interaction of a single photon with a tiny mirror. This mirror, mounted on a high-quality
mechanical oscillator, is part of a high-finesse optical cavity which forms one arm of a Michelson
interferometer. By observing the interference of the photon only, one can study the creation and
decoherence of superpositions involving the mirror. All experimental requirements appear to be
within reach of current technology.
In 1935 Schro¨dinger pointed out that according to
quantum mechanics even macroscopic systems can be in
superposition states [1]. The quantum interference effects
are expected to be hard to detect due to environment
induced decoherence [2]. Nevertheless there have been
proposals on how to create and observe macroscopic su-
perpositions in various systems [3–5], and experiments
demonstrating superposition states of superconducting
devices [6] and fullerene molecules [7]. One long-term
motivation for this kind of experiment is the question
of whether unconventional decoherence processes such
as gravitationally induced decoherence or spontaneous
wave-function collapse [8, 9] occur.
Here we present a scheme that is close in spirit to
Schro¨dinger’s original discussion. A small quantum sys-
tem (a photon) is coupled to a large system (a mirror) in
order to create a macroscopic superposition. The basic
principle of the experiment as described in Ref. [9] grew
out of discussions in 1997 [10]. It consists of a Michelson
interferometer in which one arm has a tiny moveable mir-
ror. The radiation pressure of a single photon displaces
the tiny mirror. The initial superposition of the pho-
ton being in either arm causes the system to evolve into
a superposition of states corresponding to two distinct
locations of the mirror. In the present proposal a high-
finesse cavity is used to enhance the interaction between
the photon and the mirror. The observed interference of
the photon allows one to study the creation of coherent
superposition states periodic with the motion of the mir-
ror. We perform a detailed analysis of the requirements
for such an experiment.
The proposed setup is shown in Fig. 1. In the cavity
in arm A one of the mirrors is very small and attached
to a micromechanical oscillator, similar to the cantilevers
in atomic force microscopes. While the photon is in the
cavity, it exerts radiation pressure on the mirror. Under
the conditions that the oscillator period is much longer
than the photon roundtrip time, and the amplitude of the
mirror’s motion is small compared to the cavity length,
FIG. 1: The proposed setup: a Michelson interferometer for a
single photon, where in each arm there is a high-finesse cavity.
The cavity in arm A has a very small end mirror mounted on
a micro-mechanical oscillator. The single photon comes in
through I. If the photon is in arm A, the motion of the small
mirror is affected by its radiation pressure. The photon later
leaks out of either cavity and is detected at D1 or D2.
the system can be described by a Hamiltonian [11]
H = h¯ωca
†a+ h¯ωmb†b− h¯ga†a(b+ b†), (1)
where ωc is the frequency of the photon in the cavity for
the (empty) cavity length L, a is the creation operator
for the photon, ωm and b are the frequency and phonon
creation operator for the center of mass motion of the
mirror, and the coupling constant is g = ωcL
√
h¯
2Mωm
,
where M is the mass of the mirror. To start with, let
us suppose that initially the photon is in a superposition
of being in either arm A or B, and the mirror is in a
coherent state |β〉 = e−|β|2/2
∞∑
n=0
βn√
n!
|n〉, where |n〉 are
the eigenstates of the harmonic oscillator. Then the ini-
tial state is |ψ(0)〉 = 1√
2
(|0〉A|1〉B + |1〉A|0〉B)|β〉. After
a time t the state of the system will be given by [12]
|ψ(t)〉 = 1√
2
e−iωct(|0〉A|1〉B|βe−iωmt〉+
eiκ
2(ωmt−sinωmt)|1〉A|0〉B|βe−iωmt + κ(1− e−iωmt)〉), (2)
2where κ = g/ωm. In the second term on the r.h.s. the
motion of the mirror is altered by the radiation pressure
of the photon in cavity A. The parameter κ quantifies
the displacement of the mirror in units of the size of the
coherent state wavepacket. In the presence of the photon
the mirror oscillates around a new equilibrium position
determined by the driving force.
The maximum possible interference visibility for the
photon is given by twice the modulus of the off-diagonal
element of the photon’s reduced density matrix. By trac-
ing over the mirror one finds from Eq. (2) that the off-
diagonal element has the form
1
2
e−κ
2(1−cosωmt)eiκ
2(ωmt−sinωmt)+iκIm[β(1−eiωmt)] (3)
where Im denotes the imaginary part. The first factor
is the modulus, reaching a minimum after half a period
at t = pi/ωm, when the mirror is at its maximum dis-
placement. The second factor gives the phase, which is
identical to that obtained classically due to the varying
length of the cavity. For general t the phase depends on
β, i.e. the initial conditions of the mirror. However, the
effect of β averages out after every full period.
In the absence of decoherence, after a full period, the
system is in the state 1√
2
(|0〉A|1〉B + eiκ22pi|1〉A|0〉B)|β〉,
such that the mirror is again disentangled from the pho-
ton. Full interference can be observed if the photon is
detected at this time. If the environment of the mirror
“remembers” that the mirror has moved, then, even after
a full period, the photon will still be entangled with the
mirror’s environment, and thus the interference for the
photon will be reduced. Therefore the setup can be used
to measure the decoherence of the mirror.
In practice the mirror will be in a thermal state, which
can be written as a mixture of coherent states |β〉 with a
Gaussian probability distribution (1/pin¯)e−|β|
2/n¯, where
n¯ = 1/(eh¯ωm/kT −1) is the mean thermal number of exci-
tations. In order to determine the expected interference
visibility of the photon at a time t for an initial mirror
state which is thermal, one has to average the off-diagonal
element Eq. (3) over β with this distribution. The result
is
1
2
e−κ
2(2n¯+1)(1−cosωmt)eiκ
2(ωmt−sinωmt). (4)
As a consequence of the averaging of the β-dependent
phase in Eq. (3), the off-diagonal element now decays
on a timescale 1/(κωm
√
n¯) after t = 0, i.e. very fast for
the experimentally relevant case of κ ∼ 1 and large n¯.
However, remarkably, it still exhibits a revival [4] at t =
2pi/ωm, when photon and mirror become disentangled
and the phase in Eq. (3) is independent of β, such that
the phase averaging does not reduce the visibility. This
behaviour is shown in Fig. 2. The magnitude of the
revival is reduced by any decoherence of the mirror.
FIG. 2: Time evolution of the interference visibility of the
photon over one period of the mirror’s motion for κ = 1,
T = 1mK and T = 60µK. The time is given in units of 1/ωm.
The visibility decays very fast after t = 0, but in the absence
of decoherence there is a sharp revival of the visibility after a
full period. The width of each peak scales like 1/
√
T .
The revival demonstrates the coherence of the superpo-
sition state that exists at intermediate times. For κ2 >∼ 1
the state of the system is a superposition involving two
distinct mirror positions. More precisely, for a thermal
mirror, the state of the system is a mixture of such super-
positions. However, this does not affect the fundamen-
tally non-classical character of the state. We now discuss
the experimental requirements for achieving such a su-
perposition and observing its recoherence at t = 2pi/ωm.
Firstly, we require κ2 >∼ 1, which physically means that
the momentum kick imparted by the photon has to be
larger than the initial quantum uncertainty of the mir-
ror’s momentum. LetN denote the number of roundtrips
of the photon in the cavity during one period of the mir-
ror’s motion, such that 2NL/c = 2pi/ωm. This allows us
to rewrite the condition κ2 >∼ 1 as
2h¯N3L
picMλ2
>∼ 1, (5)
where λ is the wavelength of the light. The factors enter-
ing Eq. (5) are not all independent. The achievable N ,
which is determined by the quality of the mirrors, and
the minimum mirror size (and hence M) both depend
strongly on λ. The mirror’s lateral dimension should be
an order of magnitude larger than λ to limit diffraction
losses. Its thickness in order to achieve sufficiently high
reflectivity depends on λ as well.
Eq. (5) allows one to compare the viability of differ-
ent wavelength ranges. While the highest values for N
are achievable for microwaves (up to 1010), this is coun-
teracted by their cm wavelengths. On the other hand
there are no good mirrors for highly energetic photons.
The optical regime seems optimal. Here we propose an
experiment with λ around 630 nm.
The cavity mode needs to have a very narrow focus
on the tiny mirror, which requires the other cavity end
mirror to be large due to beam divergence. The maxi-
mum cavity length is therefore limited by the difficulty of
making large high quality mirrors. We propose a cavity
length of 5 cm, and a small mirror size of 10 × 10 × 10
3microns, leading to a mass of order 5× 10−12 kg.
Such a small mirror on a mechanical oscillator can be
fabricated by coating a silicon cantilever with alternat-
ing layers of SiO2 and a metal oxide. The best current
mirrors are made in this way. A larger silicon oscillator
has been coated with SiO2/Ta2O5 and used as part of a
high-finesse cavity in Ref. [13].
For the above dimensions the condition (5) is satisfied
for N = 5.6× 106. Correspondingly, we are aiming for a
photon loss per reflection not larger than 3×10−7, about
a factor of 4 below the best reported values for such mir-
rors [14], and for a transmission of 10−7, consistent with
the 10µm mirror thickness [15]. For these values, about
1% of the photons are still left in the cavity after a full
period of the mirror. For the above values of N and L
one obtains a frequency ωm = 2pi×500 Hz. This leads to
a quantum uncertainty for the mirror position of order
10−13 m, which corresponds to the necessary displace-
ment in the superposition in order to achieve κ2 ∼ 1.
The fact that a relatively large L is needed to satisfy
Eq. (5) implies that the creation of superpositions fol-
lowing the related proposal of Ref. [4], which relies on a
micro-cavity, imposes requirements that are probably be-
yond the reach of current technology. A large L is helpful
because, for a given N , it allows one to use a lower fre-
quency ωm, and thus a more weakly bound mirror that
is easier to displace by the photon.
Secondly, the requirement of observing the revival
puts a bound on the acceptable environmental decoher-
ence. To estimate the expected decoherence we model
the mirror’s environment by an (Ohmic) bath of har-
monic oscillators. The effect of this environment can ap-
proximately be described by a decoherence rate γD =
γmkTM(∆x)
2/h¯2 governing the decay of off-diagonal el-
ements between different mirror positions [2]. Here γm
is the damping rate for the mechanical oscillator, T is
the temperature of the environment, which is constituted
mainly by the internal degrees of freedom of the mirror
and cantilever, and ∆x is the separation of two coherent
states that are originally in a superposition. This ap-
proximation is strictly valid only for times much longer
than 2pi/ωm and for ∆x large compared to the width of
the individual wavepackets. A more rigorous description
would follow Ref. [16] and take into account the move-
ment of the mirror. Our analysis indicates that the order
of magnitude of the decoherence is well captured by γD.
Assuming that the experiment achieves κ2 >∼ 1, i.e. a
separation by the size of a coherent state wavepacket,
∆x ∼
√
h¯
Mωm
, the condition γD <∼ ωm can be cast in the
form
Q >∼
kT
h¯ωm
= n¯, (6)
where Q = ωm/γm is the quality factor of the mechan-
ical oscillator. Bearing in mind that Q >∼ 105 has been
achieved [17] for silicon cantilevers of approximately the
right dimensions and frequency, this implies that the tem-
perature has to be 3 mK or less.
Thirdly, the stability requirements for the experiment
are very strict. The phase of the interferometer has to
be stable over the whole measurement time. This means
that the distance between the large cavity end mirror and
the equilibrium position [18] of the small mirror has to be
stable to of order λ/20N = 0.6× 10−14m. The required
measurement time can be determined in the following
way. A single run of the experiment starts by sending a
weak pulse into the interferometer, such that on average
0.1 photons go into either cavity. This probabilistically
prepares a single-photon state as required to a good ap-
proximation. The two-photon contribution has to be kept
low because it causes noise in the interferometer. From
Eq. (4) the width of the revival peak is 2/κωm
√
n¯. This
implies that only a fraction ∼ 1/pi√n¯ of the remaining
photons will leak out in the time interval of the revival.
It is therefore important to work at the lowest possible
temperature. A temperature of 60 µK has been achieved
with a nuclear demagnetization cryostat [19].
Considering the required low value of ωm and the fact
that approximately 1% of the photons remain after a full
period for the assumed loss, this implies a detection rate
of approximately 100 photons per hour in the revival in-
terval, given a detection efficiency of 70 %. Thus a mea-
surement time of order 10 minutes should give statisti-
cally significant results. After one such measurement pe-
riod the interferometer can be readjusted, and the experi-
ment can be repeated. Stability of order 10−13m/min for
an STM inside at 8 K was achieved with a rather simple
suspension [20]. Gravitational wave observatories using
interferometers also require very high stability in order
to have an length sensitivity of 10−19m over timescales
of a ms or greater [21], for arm lengths of order 1 km.
The experiment requires ultra-high vacuum conditions
in order to ensure that events where an atom hits the
cantilever are sufficiently rare not to cause significant er-
rors, which is at the level of about 5/s. Background gas
particle densities of order 100/cm3 have been achieved
[22] and are sufficient for our purposes.
After every single run of the experiment the mirror
has to be damped to reset it to its initial (thermal) state.
This could be done by electric or magnetic fields, e.g.
following Ref. [23], where a Nickel sphere was attached
to the cantilever, whoseQ could then be changed by three
orders of magnitude by applying a magnetic field.
There are several ways in which the total measure-
ment time could be decreased, thus relaxing the stabil-
ity requirements. Switchable cavity mirrors would allow
coupling the photon into and out of the cavity at any
desired time, instead of relying on postselection. This
allows the data collection in the revival interval to be in-
creased by three orders of magnitude. The transmission
of a distributed Bragg reflector (DBR) can be changed
4by altering the refractive index of one of the two ma-
terials. Highly reflective mirrors have been fabricated
from alternating layers of GaAs and AlAs [24]. The re-
fractive index of GaAs can be changed dramatically by
optical pumping [25]. A change from 3.6 to 3.15 on a ps
timescale was observed at a probe wavelength of 830nm
for pump intensities in the range 1 kJ/m2 (just below the
damage threshold of the material). Such a large change
in refractive index would allow efficient optical switching
[26] and is a promising avenue that deserves experimen-
tal investigation. The main open question is whether the
absorption of the materials [27] can be made low enough
to match our very strict demands.
Since the width of the revival peak scales like 1/
√
T ,
the required measurement time can also be decreased by
decreasing the temperature below 60 µK. Passive cooling
techniques may be improved. In addition, active cooling
of mirror oscillators has been proposed [28], and even
implemented experimentally for a large mirror [29]. The
mirror’s movement is sensed via the output light of an
optical cavity, and a feedback loop is used to damp the
motion. Applying the theory of Ref. [28] to our mirror,
one finds that cooling even to the ground state of the
center of mass motion is conceivable. This would reduce
the required measurement time, and thus the stability
requirements, by a factor of 50.
In principle the proposed setup has the potential to
test wave function reduction models, in particular the
one of Ref. [9]. Based on [9] and [16], we estimate that
an improvement of the ratio Q/T by about five orders
of magnitude from the values discussed in this paper
(Q = 105 and T = 60µK) would make the predicted
wavefunction decoherence rate comparable to the envi-
ronmental decoherence rate. Improvements in Q are cer-
tainly conceivable. In particular, Q is known to increase
with decreasing temperature [17]. Active cooling meth-
ods for the mirror’s center of mass motion as described
above could in principle also be used to indirectly cool
the mirror’s internal degrees of freedom. Whether such
sympathetic cooling is a realistic avenue is in itself a fas-
cinating subject for further study.
We have performed a detailed study of the experimen-
tal requirements for the creation and observation of quan-
tum superposition states of a mirror consisting of 1014
atoms, approximately nine orders of magnitude more
massive than any superposition observed to date. Our
analysis suggests that, while very demanding, this goal
appears to be in reach of current technology. It is re-
markable that a tabletop experiment has the potential
to test quantum mechanics in an entirely new regime.
Preliminary experiments on components of the proposal
are currently under way.
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